Abstract-In
the present experiments three different motion discrimination tasks were studied using a random dot pattern as stimulus: velocity discrimination, direction discrimination and discrimination of opposite directions.
The analysis of the motion of random dot patterns is based on motion sensitive mechanisms without the confounding interference of position sensitive mechanisms (Nakayama and Tyler, I98 1). Furthermore, since isotropic random dot patterns contain no dominant orientation, a change in the direction of motion does not parallel a change in orientation.
Hence the use of a random dot pattern as stimulus allows velocity and direction discrimination to be compared. Human velocity discrimination displays a U-shaped dependence on the stimulus velocity: the JNDs, expressed as Weber-fractions. are minimal for velocities ranging from 4 to 64 deg set-'. The Weber-fractions in velocity, determined with a staircase procedure tracking a 84% correct response level, were about 7% at the optimal speeds. The velocity discrimination curve obtained with the random dot pattern is similar to that obtained with light bars. Human direction discrimination, defined as the smallest difference in direction which can be resolved, also displays a U-shaped dependence on the stimulus velocity. Direction discrimination thresholds decrease up to a velocity of 4 deg'secc', they then stay at a constant level up to 128 deg,sec-'. Beyond this velocity the thresholds increase again. The mean direction discrimination threshold was 1.8 deg at optimal speeds. Discrimination of opposite directions, determined for the same conditions as those for which velocity and direction discrimination thresholds were determined, was better than the 90% response level at all speeds. However at low contrast, opposite directions are reliably discriminated only at intermediate speeds. Perceiving a coherent moving random dot pattern is supposed to be based on a cooperation between a large number of local motion detectors. In order to evaluate the importance of detector output pooling, the influence of the size of the pattern and of the presentation time on the three discrimination tasks was measured. The results indicate that the pooling requirements are task dependent. A somewhat larger pooling is required for velocity discrimination than for direction discrimination, whereas for discrimination of opposite directions only a few local motion detectors are involved.
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INTRODUCTION
Previous work from this laboratory has shown that human velocity discrimination measured with a moving bar is optimal at intermediate speeds. Indeed just noticeable differences (JND) in speed are smallest (5-7% Weber fractions) for speeds ranging from 4 to 64 deg. set' and increase at both sides of this optimal range. The present experiments were undertaken to investigate the generality of the proportion that intermediate speeds are optimal for motion perception. As a stimulus we used a random dot pattern. Since its introduction in psychophysics by Julesz (1971) , random dot patterns have been -~~ ~.~.____ *Research assistant NFWO.
femporal and spatial summation Local velocity used extensively to investigate motion sensitivity at the psychophysical level (for review see Nakayama, 1985) as well as at the physiological level (Orban et al., 1975; MacKay, 1975, 1977; Allman et al., 1985; Gulyas et al., 1987) . There are three reasons why we choose to use a random dot pattern as a stimulus. First of all it has been shown by Nakayama and Tyler (198 1) that movement of random dot patterns is detected by motion sensitive and not by position sensitive mechanisms. Hence the use of random dot patterns isolates the short range motion mechanism and makes comparison with physiological results more straightforward since direction selective or velocity tuned cortical cells are considered the neuronal hardware underlying the short range I323 mechanism. Second, the random dot pattern we have been using contains equal light and dark parts. Hence smearing of the pattern at fast speeds would produce an homogeneous grey pattern and judgement about fast motion of this random dot pattern cannot be based on the qualities of the image smear such as duration or length as could be the case for a moving bar. Finally a random pattern allows direct comparison between fine discriminations in speed and direction which are the two basic motion parameters.
In the present experiments, three psychophysical performances were measured: JNDs in speed and direction and opposite motion discrimination. Comparison between the JNDs in velocity obtained with a random dot pattern and JNDs in velocity obtained with a bar. should learn how much speed discrimination depends on the stimulus pattern. Comparison between JNDs in speed and direction obtained with a random dot pattern should reveal the differences between the movement detectors underlying both perceptions, assuming that the further processing is relatively similar for both types of JNDs. Our linking hypothesis (Orban, 1985) assumes that the output of velocity tuned cells and of direction-selective cells is used for speed and direction discrimination respectively. We assume as others (Regan and Beverley. 1985 ) that for JNDs the slope of the tuning curve is the relevant feature of the cell's response property. We also assume that in order to obtain the final sensory representation further processing of the detector's output is required in order to reduce the variability of the slope and the dependency of the slope on other stimulus dimensions. The first requirement follows from the general belief that human JNDs are smaller than the minimum parameter difference that can be detected by single cells, although some have argued the contrary (Parker and Hawken, 1985; Skottun ('I ~1.. 1987) . The second requirement follows from the observation that JNDs do not depend on other parameters than the one to be discriminated, while cortical cell's activity at an early level, depends on many visual parameters. In a previous study we compared velocity discrimination and opposed motion discrimination for a moving light bar (Orban et al., 1984) . However these two tests not only differ in visual parameters discriminated but also in psychophysical tasks. Direct comparison between JNDs in speed and JNDs in direction are not possible with a bar as stimulus since direction and orientation are confounded in a moving bar for which the motion axis is orthogonal to the orientation, Since a random dot pattern contains no overall orientation such a confusion will not arise with this pattern. Hence such a pattern allows direct comparison of fine speed and direction discrimination. Comparison between JNDs in direction and opposed motion discrimination will reveal how different the processing OS' the direction selective cell output is in these IWO tasks. Since the difference in response of direction-selective cells for opposite directions crf motion is large and is much less dependent on other stimulus parameters. one can expect that far less further processing is required for opposed motion discrimination than for fine direction discrimination (JNDs).
In addition to reference velocity, the stimulus speed at which the performances were tested, the size of the pattern and the duration of movement were also manipulated. The study of spatial and temporal summation should reveal the amount of pooling in motion discrimination tasks. Pooling could be part of the further processing which yields the final sensory representation on which the decision is made. It reduces the effect of the variability in the detector's tuning and also, to a certain extent, the dependency of this tuning on other visual parameters. In case of motion discrimination the prediction about pooling depends on the model used for motion detection. Basically two classes of models has been proposed: the gradient model (Marr and Ullman, 1981) and the bilocal correlation model (Hassenstein and Reichardt. 1956; Reichardt, 1961 f According to the gradient model a cortical cell can only provide information about the direction of motion and not speed. unless the neuron would know a spatial distance as c.g. its own RF width. Furthermore physiological studies have shown that the direction selectivity and velocity tuning of cortical cells depend on interactions between different loci (Duysens PI ai.. 1985; Baker and Cynader. 1986 ). Hence we use here the bilocal correlation model. van Doorn and Koenderink (1982a Koenderink ( . h, 1983 have shown that motion detectors tuned to a given velocity can use a range of spans (As ) and a range of delays (At) since the optimal velocity of the detector equals A.u/At. Thus for each velocity we can consider that for each retinal locus there is a pool of detectors tuned to a single velocity but covering ;1 range of spans (or delays). Hence increasing the size of the random dot stimulus will have two effects, provided stimulus duration is not limiting: recruiting elements of the pool at a given locus with larger spans and triggering of elements belonging to pools covering different retinal loci. Similarly if one increases the duration of random dot motion one will recruit more detectors from the pool at a given locus and one will also activate the elements of the pool for a longer time. Hence manipulation of size involves both a recruitment from the local pools and a spatial summation across local pools while manipulation of duration involves both recruitment from local pools and temporal integration within the local pool. If temporal and spatial summation effects are mainly due to the recruitment within the local pool the two effects should be proportional and the stimulus velocity should be the proportionality factor.
METHODS
Three subjects participated in the experiments, HE a corrected hypermetrope and astigmat, WS a corrected myope and BDB an emmetrope.
In none of the present experiments a significant difference between the subjects was observed.
The stimulus used in the experiments was a random dot pattern in which pixels were light (Ll) or dark (L2) with equal probability. The pixel size was 0.07 deg'. The average luminance [(L I + L2)/2] was 16 cd/m' and the contrast [(Ll -L2)/'( L 1 + L2)] 75%. Fourier analysis showed that the energy distribution of the pattern was isotropic, the pattern containing no dominant orientation and that spatial frequencies up to 4 c,l'deg were represented in the pattern.
Movement
of the pattern was obtained by turning two mirrors mounted on galvanometers (General Scanning, Inc.) and reflecting the pattern projected by means of a slide projector on to a polacoat screen. Movement of the mirrors was under control of a micro-processor.
Presentation by means of a mirror system has, in comparison with the frequently used CRTdisplays. the advantage that one can present a smooth continuous motion. It has the disadvantage that the pattern cannot remain visible throughout the testsequence. Whereas a random dot pattern generated on a CRT display can be refreshed continuously, a pattern projected by means of a slide projector and a mirror system has to move back to the starting position after a movement. Hence a shutter was closed during this return-jump.
In order to minimize the on and off transients resulting from this shuttering the pattern was presented stationary for 1 set before and 1 set after each motion. As a result the pattern disappeared during the return-jump only after the response of the subject was recorded. Random dot patterns are likely to have areas in which pixels are scanty and other areas in which pixels are more dense. Systematic effects due to uneven spreads in pixels were minimized by randomizing, independently in the Xand Y axis, the starting position over a 12 deg range. The pattern was only visible in a circuIar aperture of which the size could be varied. This window had a diameter of 10 deg in all standard conditions. For most reference velocities (0.5-t 28 deg 1 set '-I) the mean stimulus duration was 200 msec. Due to limitations in the size of the projected image the effective (i.e. taking into account the randomization of start position) maximum movement traverse was 40 deg. Larger traverses would have resulted in distortions of the projected image. Therefore. larger reference velocities were obtained by decreasing the movement duration.
For speed discrimination at a reference velocity of 256 deg . set ' movement duration was 150 msec. For direction discrimination shorter movement durations had to be used. The digitized ramp function which controlled the mirror drivers reduced to a step function when an extremely slow motion was required. This was the case for the Y component of the motion when the direction of the motion was slightly off the horizontal axis thereby limiting resolution in direction to 5 deg. In order to increase this resolution the pattern was moved over a larger extent and the shutter was used to present only that part of the motion, for which the analog driver signa was actually a ramp function.
Since the rotation angle of the mirror was limited we had in the direction discrimination experiments to restrict the stimulus duration to 100 msec and 50 msec at 128 and 256 deg. set-' respectively.
For each reference velocity the movement traverse was fixed and variations in velocity were obtained by small changes in movement duration, except in control experiments in which the duration of motion was randomized.
Proceduw
The subjects viewed the pattern binocularly with natural pupils at a distance of 57 cm. Since the motion durations were in the order of the latency of a stimulus-evoked eye movement, the occurrence of these eye-movements was limited (Westheimer, 1954; Haddad and Steinman, 1973) . In addition, at least in the velocity discrimination and opposed direction discrimination experiments, motion direction was randomized thereby minimizing the effect of anticipatory eye movements. As was shown by Kowler and Steinman (1979) . even if anticipatory eye movements occur they do not predict motion direction consistentIy. For direction discrimination it has also been shown {Kosnik er al., 1985) that the discrimination of the direction of motion is not based on a sensorimotor response. As an aid to maintain fixation, a fixation point (0.5 deg) was presented when the pattern was not moving.
Psychophysical performance was measured for three different tasks: velocity discrimination assessed by measuring the smallest difference in velocity that can be resolved, direction discrimination tested by measuring the smallest difference in motion axis that can be resolved and discrimination between opposite directions on the same axis (opposed direction discrimination).
The psychophysical method used to measure JNDs in velocity and direction was a Transformed Up Down (TUD) method (Wetheriil and Levitt, 1965: Levitt, 1971) . Two stimuli with a given parameter difference, either in velocity or in direction, were presented in sequential order. In the velocity discrimination experiments, the stimuli moved on an horizontal axis and were equally distributed around the reference velocity, E: c aV/2 and V --DYj2 where V is the reference velocity and DV the velocity difference. By pressing one of two response keys the subject had to indicate whether the second stimulus moved faster or slower than the first stimulus. In the direction discrimination experiments both stimuli moved at the same velocity. One member of the pair moved from left to right on the horizontal axis, the other member of the pair moved, also from left to right. along an axis rotated clockwise or counterclockwise with respect to the horizontal axis. The subject had to indicate whether the second stimulus moved along an axis rotated clockwise or countercl~kwise compared to the motion axis of the first stimulus. Both for speed and direction discrimination the parameter difference was decreased by 20°i6 after four consecutive correct responses and was increased by 20% after one incorrect response. Such an algorithm tracks a 84% correct response level. The TUD method was stopped after 12 reversal points. The geometric mean of the last six reversal points was taken as the threshold. In the opposed direction discrimination experiments the subject had to indicate whether the pattern moved leftwards or rightwards. The pattern moved at the same velocity on the horizontal axis for both directions. The percentages correct responses were determined for 100 stimuli presentations. In all conditions auditory feedback was given after each response. Conditions for each experiment were counterbalanced by testing all conditions twice in random order and finishing the first experimental run of all conditions before testing the same conditions in the second run, in a different random order. The data were analysed using the nonparametric Mann--Whitney U-test (Siegel, 1956) .
Whereas no training was needed for opposed direction discrimination, an extensive training had to be given for velocity discrimination as well as for direction discrimination. The training was continued until performance reached a ceiling. The training effects were much larger for velocity than for direction discrimination. Indeed at each speed, about 5 -6 daily sessions (each corresponding to the measurement of 1 JND) were required for the direction discrimination, while over 20 daily sessions were required for the velocity discrimination. The improvement was also more substantial for velocity than for direction discrimination. Thresholds only improved by a factor 1.4-l .5 for direction discrimination compared to a factor 2 or 3 for velocity discrimination.
Control experiments were run to ascertain that subjects could not use position as a cue for the detection of motion. In these control experiments, the random dot pattern was presented stationary in two positions corresponding to the start and endpoint of a movement but the motion itself was invisible. The interval between both presentations was equai to the standard duration of movement for the different speeds (200 for speeds ranging from 1 to 64deg * SW-' and 50 and 150 msec for 256 deg. sec. ' ). In these conditions the subject was not able to discriminate opposite directions of the motion: for all virtual velocities the percentage correct responses was below 60. One has to note that when opposed motion discrimination is tested in similar conditions with a light bar, it is always perfect (above 90% correct response level). Since in these control conditions the spatial as well as the temporal intervals are large, this control experiment confirms that the involvement of the long range process (Braddick, 1974) Just noticeable differences (JNDs) in velocity were measured for velocities ranging from 0.5 deg. set' to 256 deg -see-'. In Fig. I mean data of three subjects are shown. The relationship between JNDs in velocity, expressed as Weber-fractions, and stimulus velocity is Ushaped. We refer to this relationship as the velocity discrimination curve. Differential velocity sensitivity improves up to a velocity of 4 deg. set ', remains at a more or less constant level of about 7% for speeds up to 64 deg * set-'. Beyond this velocity Weber-fractions increase steeply.
In a first control experiment we compared the performance of subjects for trials with fixed durations (implying a correlation between speed and movement traverse) and for trials in which motion duration was randomized. The middle of the range over which duration was randomized was taken as the duration in the fixed duration trials. The results of this comparison are shown in Fig. 2 . Although the performance of the subjects was slightly worse when the movement duration was randomized, the differences between both conditions were not significant. It is plain from Fig. 2 that in both conditions the velocity discrimination curve is U-shaped. It is worth noting that the performance of the subjects for the fixed duration condition of Fig. 2 is somewhat poorer than in Fig. 1 . This is due to the difference in duration between the stimulus presentations in Figs 1 and 2 and is in keeping with the temporal summation of velocity discriminations which will be described in detail later.
In a second control experiment we sought to rule out differences in contrast sensitivity at different speeds, especially the faster ones, as a cause of differences in differential velocity sensitivity. We matched the contrast of the random dot pattern for the different velocities in the following way. We measured opposed direction discrimination for different contrast levels and different speeds. As shown in Fig. 3A opposed direction discrimination depends on contrast only over a narrow range: a 3% contrast opposed directions cannot be discriminated at any speed and at 17% contrast opposed directions can be discriminated at all speeds. From the curves in Fig. 3A we extracted the contrast threshold corresponding to 75% correct performance for the different speeds. As indicated by the circles in Fig. 3B this threshold is about 5% contrast for speeds between 2 and 64 deg. set --I and above 10% contrast for more extreme speeds. We then selected at the different speeds, the contrasts which were 12 and 32% above these contrast thresholds (Fig. 3B ) and used these values to measure JNDs in velocity. As shown in Fig. 3C the performance was not different in the standard conditions and the conditions in which the contrast was adjusted to the difference in sensitivity at different speeds. Another way to look at the results of Fig. 3C is to say that for all speeds the performance was independent of the contrast, Hence for all speeds we worked on the plateau of the JND in velocity-contrast curve and thus the difference between the JNDs at different velocities cannot be attributed to a difference in contrast sensitivity.
In order to compare the results obtained with the random dot pattern with the results of our previous studies using a light bar. the stimulus durations for the highest velocities (128 and 256 deg. set ' ) were limited to 100 and 50 msec respectively. The results, for those shorter stimulus durations at the higher velocities were compared to the results for the standard conditions in Fig. I . In the light-bar experiments the stimulus duration at high velocities had to be limited in order to prevent a too parafoveal stimulation. However as shown previously (Orban t'r trl.. 1984) limitation in stimulus duration does not explain the increase in Weberfractions at the high velocities. In Fig. 4 the results of the present experiment (N = 3) are compared with the pooled (lv = 9) results of our previous studies (Orban et al., 1986; De Bruyn and Orban, unpublished) . The velocity discrimination curve obtained with the random dot pattern did not differ in a signi~cant way from the one obtained with a light bar (U,O,iO = 45). Two out of three subjects who participated in the present experiments did also participate in the earlier studies. Comparison between the data of these two subjects yielded a similar conclusion.
EXPERI.M~NT 2: DIRECTION DISCRIMINATION MEASURED AS A FUNCTION OF THE VELOClTY
OF THE RANDOM DOT PATTERN Direction discrimination thresholds, the smallest difference in direction which can be resolved, was measured as a function of velocity for velocities ranging from OS to 256 deg * set-". Figure 5 shows the mean data of three subjects. Direction discrimination thresholds decrease linearly with the logarithm of the velocity up to 4deg * set-' (v'= 0.98), they remain at a more or less constant level between 4 and 128 deg f set -', Beyond this velocity the differential thresholds increase again. The mean asymptotic direction discrimination threshold for velocities ranging from 4 to 128 deg. see-' was 1.8 deg (SD: 0.42). human visual system operates. The area of the random dot pattern was changed by varying the diameter of the circular aperture in which the pattern appeared. At each velocity performance was measured for stimulus diameters ranging from 3 to 20 deg. Figure 6 shows the effect of the size of the pattern on the JNDs in velocity. These results show that only for a velocity of 256 deg ( set-', JNDs in velocity depend on the area of the stimulus pattern. For this velocity performance improved as the size of the pattern increased up to 20 deg dia. For velocities below 64 deg. set-' JNDs in velocity do not depend on the size of the pattern. For a velocity of 64deg.secc', a small increase of the JND in velocity was observed as the size of the pattern was increased from 3 to 5 deg. Figure 7 shows the dependence of the direction discrimination thresholds on the size of the stimulus, As was the case for veIocity discrimination, changes in direction discrimination as a function of the size of the stimulus were only observed for a velocity of 256 deg. set I. There was little spatial summation effect for velocities ranging from 1 to 64 deg. set '. For a velocity of 256 deg. set _' the movement duration was 1.50 msec in the velocity discrimination experiments and only 50 msec in the direction discrimination experiments (see Methods). Therefore we measured as a control, the spatial The effect of stimulus duration on velocity and direction discrimination was measured for five velocities: 1, 4, 16, 64 and 256 deg ' sec. '. For each velocity and direction discrimination thresholds were determined for stimulus durations ranging from IO to 200 msec. The size of the circular aperture in which the stimulus appeared was 10deg diameter. Changes in velocity discrimination as a function of stimulus duration are shown in Fig. 8 . These results show that at all velocities tested differential velocity sensitivity improves with increasing stimulus duration. The duration at which optimal performance is reached depends however on the reference velocity. For a velocity of 1 deg. sec. / optimal performance is reached for a duration of 150-200 msec. For velocities ranging from 4 to 64 deg * set i a stimulus duration of 150 msec is needed in order to achieve optimal performance. For a velocity of 256 deg. sec. ' summation is completed for a stimulus duration of 50 msec. Figure 9 shows the effect of stimulus duration on direction discrimination. At all velocities tested, direction discrimination thresholds improve with increasing duration. As is the case for velocity discrimination, the effect of the duration of the motion on direction discrimination is velocity dependent. Direction discrimination thresholds depend more on the duration of the motion for the lowest (1 deg. set- ' ) and for the highest (256 deg. sec. ') velocities than for medium velocities. At a velocity of 256 deg * set '. it is unclear whether summation is complete at the largest duration tested (50 msec).
Comparison between velocity discrimination and direction discrimination shows that direction discrimination reaches its optimal value for shorter stimulus durations than velocity dis~rimination. Comparison of the temporal summation effect shows that for velocities ranging from 4 to 64 deg. set ' JNDs in velocity depend more steeply on the stimulus duration than JNDs in direction (Fig. 10 ).
EXPERIMENT

5: OPPOSED DIRECTION DISCRIMINATION
In the standard conditions, the three subjects could perfectly discriminate opposite directions at all velocities. between the effect of stimulus duration on velocity discrimination (full line) and direction discrimination (dashed line). In each figure the threshold, normalized according to the lowest threshold, is plotted as a function of stimulus duration, on a double logarithmic scale. two tasks, opposed direction discrimination depended on stimulus size only at 256 deg. set'. However only the change in diameter from 3 to 5 deg influenced this performance. Measuring the effect of stimulus duration on opposed direction discrimination showed that almost all conditions yielded a perfect discrimination. Only at 1 deg. set-' the shortest duration tested had a somewhat limiting effect. Hence opposed direction discrimination was far less affected by the stimulus parameters manipulated than the two other tasks.
DISCUSSION
Our results show that the short range process of human motion perception operates optimally at intermediate speeds.
For all the psychophysical tasks studied, JNDs in velocity, JNDs in direction and opposed direction discrimination, optimal performance was obtained for speeds between 4 and 64 deg. set '. These findings are in agreement with the hypothesis formulated in our previous studies (Orban et al., 1984 (Orban et al., , 1986 Orban, 1985) , that cortical cells which operate as bandpass filters for velocity (velocity tuned cells) and cortical cells which are selective for the direction of motion, as described in areas 17 and 18 of the cat (Orban et al., 198 la, b) and in area V5 of the monkey (Zeki, 1978; Maunsell and Van Essen, 1983) underly the short range process of human motion perception. Indeed these populations of cells respond maximally at intermediate speeds (Orban et al., 1981a, b; Maunsell and Van Essen, 1983) . Since most cells tuned for velocity are tuned to speeds in the middle range (Orban et al., 1981a; Maunsell and Van Essen. 1983 ) our linking hypothesis predict a U-shaped relationship between JNDs in velocity, expressed as Weber fractions, and stimulus velocity. This U-shaped relationship has been observed in humans (Orban et al., 1984) . cats (Vandenbussche et al., 1986a) and monkeys (Vandenbussche et al., 1986b) . In all these experiments a moving light bar was used to study motion perception since this stimulus has also been used to describe the motion characteristics of the cortical cells. Whereas at the single cell level a bar stimulus can be an appropriate stimulus to study motion analysis, at the level of the system as a whole, a random dot pattern is a better way to study the contribution of local motion measurements.
While motion of a bar can be detected by the long range process (Braddick, 1974) . the analysis of a random dot pattern motion is based on the short range process. Cortical cells which are analysing visual motion, as revealed in physiological experiments. are supposed to underlie the short range process. The present results show that Weber-fractions :n velocity depend in the same way on the stimulus velocity whether a bar or a random dot pattern is used as moving stimulus. These findings therefore support our linking hypothesis. They also show that mechanisms underlying velocity discrimination are not smeared at middle velocities. Finally the present results show that the upper branch of the LJ-shaped velocity discrimination curve is not due to :I decrease in the exposure time nor a limitation in contrast cf.ncit;l,;t\i at LlrllUlll "L, fast r,~lnriiie~ l-.3Lrw4 ""'"CILl\r.J, 1 c&I\..*, together, the results of our previous studies as well as the present ones show that the [J-shaped relation between Weber-fractions in velocity and stimulus velocity is a fundamental relationship. it does not depend on changes in the luminance, the contrast. the length of the barstimulus, it is similar for a bar stimulus and a random dot pattern and it persists for a range of stimulus sizes and stimulus durations. Our results on direction discrimination extend the observations of Sekuler (1982, 1987) and of Pasternak and Merigan (1984) . Both groups of authors reported an improvement in direction discrimination with increasing velocity up to a critical velocity. Neither of the two studies however investigated direction discrimination at speeds above 20 deg set '. Our results are very similar to those of Ball and Sekuler. Converting the rt' values (Johnson, 1980) of the Ball and Sekuler's (1987) study to 84% difference thresholds in direction, expressed in degrees. yields a minimal threshold of i.9 deg which is very simiiar to ihe i.8 deg observed in our study. Also the critical velocity was very similar in both studies: 8 -10 deg 1 set ' in Ball and Sekuler's study and 4-8 deg. set -I, depending on the subject. in our study. Both the asymptotic threshold (4.6degf at intermediate speeds and the critical velocity (I 2.2 deg. set ') were different in the Pasternak and Merigan (1984) study. It is not clear how much training the subjects received in the latter study and a restricted training could easily account for the discrepancy.
Considered over a wide range of speeds, JNDs in speed and in direction show a very similar dependence on stimulus velocity. While cortical cells which are bandpass filters for velocity are usually selective for direction, the converse is not true (Orban TV d.. 198la, b, 1986 ). The range of velocities over which cortical cells are direction selective is wider than the range of velocities over which corttcal cells arc velocity selective. Indeed. as well m the cat as in the monkey. velocity low-pass cells can be direction selective at very low speeds (@ban er cri., 1981a (@ban er cri., , b. 1986 (@ban er cri., : Duysens er crl., 1987 . Therefore, one would expect that the U-shaped function for direction discrimination would be broader than the one for velocity discrimination. This however is not supported by the results. The ratios between the performance tit slow vclocities and the performance at ~,~ptimal speed (64 set for JNDs in velocity and 32 ,sec for 1Nl-k ;n ,-l;vm.+;r\n\ PI+-P I.>,.cnor &-,,a. .i;rm.t;r.n tL<,e. JL.VJ "1 ulLbr.rr\_rll, a.lL Kugb, l\?i <IIIL,bL,",, LLlll,, for speed discrimination. At ?. .\ec the ratio is 2 and 3.2 for speed and direction discrimination respectively. while at 1 'set the r;*tios are 2.5 and 4.4 respectively. It is possible at the extreme speeds a duration cue rather than speed itself is used by the subjects performing speed discrimination just as was the case for a moving light bar (Orban et rd.. 1984) . Such an llrtrusion is not possible for direction discriminatton. Under this assumption it is possible that i;~ (.ur stimulus conditions the same initial set ,>t detectors i, used both for direction and speed discrimination. This is to say that only those cortical cells which are direction as wetI as velocity selective are involved in the local anatysis (the assignment of local nlotion vectors) it!' a moving random dot pattern. Cells in ;;~c;I 1'5 of the monkey are excellent candidates for such a role.
The observation that velocrty discrimination is equally good when tested with z light bar than when tested with a random dot pattern indicates that the spatial extent of the pattern itself has I..., uttte eiieci. in our previous study (Orban i*i rri.. 1984) we also noted that JecrezGng the length of the bar stimulus from 7 deg il.1 i cieg hardly changed velocity discrim~nat~~~~ .i9 spatially extended pattern (in the sense that ~hcre are a iarge number of on off transients or edges) will stimulate more motion detectors than a localixed stimulus, The observation that in our experiments the spatial extent of the pattern itself (the comparison bar-random dot. pattern) drd not influence the JNDs in velocity indicates that the optimal number of motion detectors pooled in order to make fine velocity discriminations is reached for both the bar and the random dot pattern and that the motion signal will not improve as detectors from several iocaf pooh are recruited. Furthermore a spatially extended pattern which remain visible during the whole stimulus duration will repeatedly stimulate the same motion detectors. Since there were no differences in performance observed between a bar and a random dot pattern, it seems that in velocity and direction discrimination the contribution of integration of signais arising from the same detectors to temporal summation is rather limited.
The results of the temporal and spatial summation experiments confirm that most of these summations reflect simply the recruitment of the detectors from a pool centered on a single retinal locus. The hypothesis that motion detectors can be recruited from a pool as a function of stimulus area and presentation time, was put forward by van Doorn and Koenderink (19X7a. h ). Accordinrr to the results of van der 1 _*_.. _ ,.
Grind rt crl. (1986) . the characteristics of the elementary motion detectors modelled as correlation devices, their delays and spans, are scattered around a mean value. The pooling of the output of elementary motion detectors centered a single retinal locus and tuned to a single velocity (i.e. a single speed and a single direction) but having different characteristics (spans and hence delays) is very attractive from a computational point of view. While the output of an elementary motion detector depends both on stimulus pattern and stimulus velocity, integrating over elements of the same pool reduces dependence on spatial pattern. Furthermore integration over elements of the pool, decreases the probability of false matches to which the detectors with large spans are especially vulnerable. The crucial factor in the recruitment of elements from the pool is the movement traverse which can be limited either by the size of the aperture in which the movement appears or by the stimulus duration. If temporal and spatial c.rmm.,t;l\n hc.th ..,f2a.t mrrr,x:t.enet f..,, rhn Jullllllall"*i ""Lil Ib,,CLi 'b\rl UII,,IL," il",', Lllc.
local pools of detectors. the ratio between the critical spatial values and the critical temporal value should equal the stimulus velocity. Unfortunately this match can only be checked for the fast velocities used in this study since at 16deg.sec -' the smallest aperture tested (3 deg) corresponds to 187 msec which is hardly different from the largest duration tested (200 msec). For direction discrimination the match can only be checked at 64 isec given the limitations in duration at 256 /'sec. There is a small improvement in direction discrimination as the stimulus diameter increases from 3 to 5 deg. The latter size corresponds to a critical duration of 78 msec and indeed direction discrimination levels of between 70 and IOOmsec. For speed discrimination the match is not as close. For a speed of 256"/sec temporal summation is complete at SOmsec which corresponds to 12.8".
Although speed discrimination improves steeply with increasing stimuius diameter up to if?, it continues to improve somewhat between 10 and 20". At 64"/sec speed discrimination does not improve much for diameters over 5", while it continues to improve for durations beyond 70msec. This latter discrepancy is in keeping with the observation that temporal summation, but not spatial summation, is larger for speed discrimination than for direction discrimination. These results then suggest that while direction discrimination only relies on recruitment from the local pool of detectors, an additional factor intervenes in speed discrimination. This could be a purely temporal integration either in the detectors or beyond, or a spatiotemporal factor due to stimulation of longer sequences of neighbou~ng detectors. In the latter case spatial and temporal summation would not act independently, a prediction which can be tested experimentally. While JNDs in direction depend strongly on stimulus duration, opposed direction discrimination hardly does. Hence there seems to be very httle recruitment of detectors from local pools required for this task. On the other hand at low contrast opposed motion discrimination is only possible at intermediate speeds. Several lines of evidence (Pasternak and Leinen, 1986; Orban et al., 1988) suggest that optimal psychophysical performance at low contrast requires the cooperation of many visual cortical cells. Hence opposed direction discrimination at low contrast requires many elementary detectors. In order to reconcile both conclusions, one has trr "'-Pllrn'3 +ho+ tha Ij*tCIII+/\..O ..,,A :, ,,..,-.,'.,t L" LIJJULI'G Lllal LL'L "CLC3,I"'3 uszu L,, <,t-'&J"X:u motion discrimination all have the same span, probably the average span of local pool. That opposed direction discrimination at low contrast is better for intermediate speed than more extreme ones, suggests that the number of elementary detectors with a fixed span (say the average) is larger for intermediate than for extreme velocities. Hence the ensemble of our results can be explained by the following model, (1) For each retinal locus there is a pool of elementary motion detectors tuned to a single velocity (i.e. a speed and a direction). Within a local pool the characteristics of the detectors (spans) are scattered around on average and the number of detectors of a given span is larger for pools tuned to intermediate speeds than to extreme speeds, (2) JNDs require the input from many more elementary detectors than opposed motion discrimination and for both types of processing the number of elements required increases with decreasing contrast. (3) In order to compute JNDs elementary motion detectors are recruited from the pool across spans, while for opposed motion discrimination only pooling from detectors with a single span (likely the average of the pool) is used. (4) Spatial summation in speed and direction discrimination relies entirely on recruitment from local pools, while temporal summation relies on recruitment from local pools for direction discrimination but on recruitment and on tempora1 integration of signals from single detectors in speed discrimination.
In our experiments we measured velocity and direction resolution for stimulation of a single stimulus location. The thresholds we observed are in agreement with those reported in other studies (McKee, 198 1; McKee and Welch, 1985; Ball and Sekuler, 1987) and correspond to the results obtained in our previous studies (Orban et al., 1984 (Orban et al., , 1986 . It is interesting to note that the velocity and direction differences needed for a clear segregation by motion (van Doorn and Koenderink, 1983) are extremely large compared with the local velocity and direction resolution levels. The difference in speed required is a Weber fraction of about 100% and the difference in direction about 30 deg. These differences are even larger than the discrimination thresholds for a naive subject first participating in our discrimination experiments. A possible explanation for this difference could be that the segregation studies (van Doorn and Koenderink, 1983) address a different motion analyzing "mechanism". In this respect it is worth noting that from their physiological results, Orban and Gulyas (1988) have postulated the existence of two pathways for the processing of output of cortical cells tuned to a given stimulus parameter such as orientation, speed or direction. In one pathway the local-to-global differences are computed and these signals are used for segregation. While this pathway processes discontinuities in a parameter domain, the second pathway processes the continuous values of the same domain. This latter processing improves the iocai signals and interpolates between these local values within the limits indicated by the discontinuity pathway. The JNDs in direction and velocity would in this scheme rely on processing in the "continuous" pathway while segregation by speed or direction would rely on the '~discontinuity.' pathway. The present results and their interpretation given here suggest that the study of JNDs can provide insight in the further processing in the "continuous" pathway in which pooling across elements from local pools is used to give a more reliable and more invariant estimate of the iocal velocity vector.
